The uptake of radioactivity fr~m~~C-streptornycin, inaformwhich cannot be displaced from theorganisms by unlabelledstreptomycin, was determined in several species of bacteria and one yeast growing under standard conditions. This uptake showed a good correlation with the sensitivity of the organism to streptomycin, and in streptomycin-resistant organisms was about 1 yo of that in a highly sensitive organism, Bacillus rnegaterium.
INTRODUCTION
The uptake of streptomycin by bacterial cells has been investigated on a number of occasions with organisms under different experimental conditions and by various methods for estimating the amount of streptomycin taken up. In early work, Linz (1949) estimated biologically the antibiotic activity released on lysing streptomycintreated &Zicrococcus lysodeikticus with lysozyme; Linz & Amaud (1950) studied some other organisms using extraction with warm salt solutions, and Berkman, Henry, Housewright & Henry (1948) studied uptake by dense suspensions of Staphylococcus aureus. These investigations showed that, under the conditions used, only about R. HANCOCK organisms took up a negligible amount; in these experiments, only that streptomycin which was not removed by washing with solutions containing unlabelled streptomycin was determined. The kinetics of uptake of streptomycin by E . coli W were studied by Anand, Davis & Armitage (1960) and by Plotz, Dubin & Davis (1961) ; an initial rapid uptake, similar in both sensitive and resistant organisms, was followed by a second slower uptake which occurred only in sensitive organisms and depended on growth of the organisms. A rapid uptake of streptomycin, by a process similar to adsorption and resulting in a change in the charge of the cell surface, had been observed earlier in E . coli H and in Staphylococcus aureus (McQuillen, 1951) .
The experiments described in the present paper had the particular object of investigating the relationship between sensitivity to, and uptake of, streptomycin, in organisms of different sensitivity and in environments which affect the activity of streptomycin on particular organisms. Some of these results have been published in abstract . Candida utilis and Bacillus megaterium were grown in C medium (McQuillen & Roberts, 1954) +glucose (1 mg./ml.) +Difco Yeast extract (0.1 mg./ml.) (named here CGY medium). The other organisms were grown in nutrient broth (Difco No. 2; pH 7-5), with addition of glucose (1 mg./ml.) for the staphylococci, Cultures were grown in 100 ml. quantities of medium in 250 ml. Erlenmeyer flasks fitted with side arms to fit the Unicam SP 600 spectrophotometer. The prewarmed medium was inoculated from an overnight culture to give an initial population density equivalent to about 50 pg. dry wt. organism/ml., estimated from the optical density (700 mp) and a calibration curve for the appropriate organism. Flasks containing cultures of clostridia were evacuated and gassed with N, and incubated statically a t 3 7 ' ; cultures of other organisms were shaken in a constant temperature water bath a t 37'. For growth of Staphylococcus aureus in a gas phase containing carbon monoxide, the flasks were successively evacuated and filled three times with the appropriate gas mixture, which was prepared in an aspirator from cylinder carbon monoxide and air. Organisms were harvested by centrifugation (6000 g; 5 min.) and, unless otherwise stated, washed once with cold growth medium. When l4C-streptomycin was used, the washing medium contained unlabelled streptomycin (100 pg./ml.).
METHODS

Organisms
Sensitivity tests.
The minimum inhibitory concentrations of streptomycin for the organisms used were determined by a conventional technique. Tubes containing 2.5 ml. of appropriate medium, with streptomycin added when required, were inoculated with 1 drop of a similar culture grown for 24 hr., and were incubated for 24 hr. a t 37'.
Radioactivity determinations. The relatively low specific activity of the 14C-strepto- Uptake of styeptomycin by bacteria mycin preparation necessitated the use of a windowless gas-flow Geiger counter, made in the workshops of this department and based on the design of Banks, Blow & Francis (1956) ; the flushing gas was 1.5 % (v/v) isobutane in argon. Since the observed radioactivities were low by usual standards, it was important to know their limits of accuracy. It was repeatedly found that the standard deviation of ten estimates of background and of experimental samples, countedfor 2 min. periods, was not more than that expected statistically. At least 400 counts were recorded from all samples, which were prepared and counted in duplicate, so that the standard deviation of the mean value of the difference (sample-background) was not more than 40 counts, or 5 % . Unless specifically stated, all the results in this and the following paper are from samples which contained between 20 and 200 counts/min. above background, which varied over long periods between 23 and 27 counts/min.
Samples were mounted on aluminium planchets of 2 cm. diameter, as described elsewhere (Park & Hancock, 1960) ; these were weighed before and after mounting and drying the samples, which usually contained less than 20mg. dry wt. of material. The observed radioactivity was corrected to infinite thinness, when necessary, by using a self-absorption curve determined experimentally by preparing planchets containing different quantities of Bacillus megaterium and a standard amount of 14C-streptomycin. It was assumed that this curve was applicable to all the organisms used.
Manometric ezperiments with Bacillus subtilis were carried out under conditions described previously (Hancock, 1961 b) ; the manometer flasks contained the equiv. of about 4 mg. dry wt. organisms.
Streptomycin. 14C-streptomycin CaC1, complex was preparation L 561034-1-4 of Merck, Sharpe and Dohme Research Laboratories. The specific activity was such that 47 counts/min. were recorded from 1 pg. streptomycin base. Concentrations of streptomycin are given throughout in terms of the free base. 2-n-heptyl-4-hydroxyquinoline N-oxide was kept as a solution containing 50 pg./ml. in 0.01 N-NaOH.
RESULTS
Eflects ofwashing. It was not practicable to carry out detailed investigations of the effects of washing on each organism. However, some radioactivity was removed from all those organisms investigated, with the exception of Bacillus megaterium, by washing in growth medium containing unlabelled streptomycin (Table 1) . The radioactivity removed in this way may represent streptomycin bound in a manner similar to that bound in the initial phase of streptomycin action in Escherichia coli W, which can be removed by washing with buffers but not with distilled water ( h a n d et al. 1960) . In addition, in the organisms studied here some streptomycin may be bound to negatively charged cell-wall constituents, such as teichoic or teichuronic acids. It was also not practicable to show that the radioactivity taken up by each organism represented unaltered streptomycin; it is expressed in terms of streptomycin in this paper, but its identity has only been shown in the case of B. megaterium (Hancock 1962) .
Rate of uptake of streptomycin by growing organisms
To compare the rates of uptake of streptomycin by different organisms, standard experimental conditions were used in which streptomycin was added to lOpg./ml to an exponentially growing culture when the population density was about equiv. t o 100 pg. dry wt. organisms/ml. There was a good correlation between the rate of uptake of streptomycin under these conditions and the sensitivity to streptomycin, within the group of organisms investigated (Fig. 1) . Both naturally resistant organisms (e.g. the clostridia), and resistant strains of normally sensitive organisms, showed rates of uptake of the order of 1 yo of that in the most sensitive organism used, Bacillus megaterium. The quantity of streptomycin finally taken up by some of these organisms was also determined, when using streptomycin at concentrations which inhibit growth completely after about 1 hr. (Table 2) . 
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Streptomycin: minimum inhibitory concentration (,ug./ml.) Fig. 1 . Minimum inhibitory concentrations of streptomycin for some micro-organisms and uptake of 14C-streptomycin during growth under standard conditions. Uptake was determined with streptomycin at 10 pg./ml. after growth for 60 min., except for BuciZZus meguterium where the rate is calculated from that for the first 15 min. period, after which loss of viability began. 
R. HANCOCK
Uptake of streptomycin by Staphylococcus aureus during anaerobic gromth Facultatively anaerobic organisms such as Staphylococcus aurew are more resistant to streptomycin during anaerobic growth, and also during growth in the presence of carbon monoxide (Lightbown, 1957) . When S. aurew was grown anaerobically the uptake of streptomycin was about 20% of that during aerobic growth (Fig. ZA) , although the anaerobic growth rate was about 65 yo of the aerobic rate. Similar results were obtained with cultures growing in a gas mixture of 80 yo (v/v) carbon monoxide + 20 yo (v/v) air (Fig. 2B) .
Effect of streptomycin antagonists on uptake of streptomycin by Bacillus subtilis The inhibitory action of streptomycin on Bacillus subtilis and some other organisms can be antagonized by certain alkyl-hydroxyquinoline N-oxides (Lightbown, 1954) at concentration ratios of antagonist : streptomycin of the order relative to values in control cultures without heptyl-N-oxide. 14C-streptomycin was added a t subinhibitory concentration (18 pg./ml.) to cultures when the optical density (700 mp) was 0-3; the organisms were harvested after 90 min., when control organisms contained between 31 and 44 counts/min./mg. dry weight. Qo, values were determined using organisms harvested after growth for 60 min. with heptyl-N-oxide, which was added to cultures when the optical density was 0.15. Antagonism of streptomycin, or inhibition of growth, by heptyl-N-oxide was determined from the optical density of growing cultures when heptyl-N-oxide was added a t an optical density of 0.15 and streptomycin (50 pg./ml.) a t an optical density of 0.3. The growth rate was not affected by heptyl-Noxide a t concentrations below 2pg./ml., but a t concentrations greater than this the growth rate was reduced. of 1 : 100. At low concentrations, 2-n-heptyl-4-hydroxyquinoline N-oxide (heptyl-N-oxide) did not affect the growth rate of B. subtilis but conferred complete resistance to subsequent addition of streptomycin. The uptake of streptomycin in such cultures was between 30 and 40 yo of the rate in a control culture without heptyl-N-oxide (Fig. 3) .
Since heptyl-N-oxide is known to be an inhibitor of certain respiratory systems in resting bacteria and cell-free preparations (Lightbown & Jackson, 1956) , we examined whether the respiratory activities of organisms growing in its presence were similarly affected. When organisms were harvested from cultures containing heptyl-N-oxide at concentrations which antagonize streptomycin but did not affect the growth rate, their ability to oxidize succinate and malate was below the control values although oxidation of glucose was not affected (Fig. 4) . At higher concentrations, heptyl-N-oxide has itself growth-inhibitory activity, and in cultures containing the antagonist at these concentrations the ability of harvested organisms to oxidize glucose was also impaired. The rate of uptake of streptomycin, determined in similar cultures, was depressed during growth in the presence of heptyl-N-oxide to an extent very similar to that of oxidation of succinate and malate (Fig. 4) .
DISCUSSION
Many types of process can be envisaged by which micro-organisms can become resistant to an antibacterial agent (Davis & Maas, 1952) ; among these are alterations in the metabolic pathways used by the organisms, an alteration in the rate of uptake of the agent into the organism or to its site of action, or an enzymic inactivation of the antibiotic. In all the cases investigated here, and within the limits of the assumptions made about the use of the same washing procedure for each organism (which may have to be modified in the light of further experience), resistance to streptomycin, determined either genetically or by environmental factors, was associated with a decreased uptake of streptomycin. This relationship is similar to that in Escherichia coli K 12 (Szybalski & Mashima, 1959) and in the secondary phase of uptake in E . coli W ; however, in the latter organism the initial uptake of streptomycin is the same in sensitive and resistant organisms. It differs from earlier findings of Linz (1949) and of Berkman et al. (1948) , and from those of Sager (1961) in ChEarnydornonas reinhardi. A similar relationship is found between sensitivity to, and rate of uptake of, penicillin in naturally occurring strains, though not in laboratory strains, of staphylococci (Rowley, Cooper, Roberts & Lester Smith, 1950; Eagle, 1954) . Such a correlation between sensitivity and rate of uptake of streptomycin makes it unnecessary to postulate differences in, or absence of, the streptomycin-sensitive metabolic processes in streptomycinresistant organisms. However, such differences cannot be excluded because if uptake of streptomycin were caused directly by its interference in a metabolic system, for example, by combination with an enzyme, metabolite, or structural unit, then organisms which lacked this system would be resistant to streptomycin and also would not take up streptomycin.
The quantity of streptomycin taken up when growth has ceased differed considerably in each organism examined here, but in every case it represented a concentration of streptomycin within the cell higher than that outside if the streptomycin is distributed throughout the water space of the organisms. Thus, using the (1955) for Bacillus megaterium, the intracellular concentrations finally attained, calculated from the results in Table 2 , are 110, 480, and 11 ,ug./ml., at external concentrations of 10, 10, and 1 ,ug./ml., respectively.
Sensitivity of bacteria to streptomycin shows some general correlation with the degree of dependence on, or use of, aerobic respiratory processes, and the rate of uptake of the antibiotic also shows some correlation with those factors. The suppression of ability to oxidize succinate and malate by organisms growing in the presence of the streptomycin antagonist heptyl N-oxide shows that the inhibition of these reactions in resting organisms (suggested as the basis for antagonism of streptomycin, Lightbown & Jackson, 1956), also occurs in growing organisms precisely at those concentrations which confer resistance to streptomycin. It may perhaps be reemphasized that these alterations occur without any effect on the growth rate of the organisms. It remains to be investigated whether the suppression of these oxidative activities is due to a reduction in enzyme formation or merely in activity. It is interesting to speculate that the residual oxidation of succinate and malate in the presence of heptyl N-oxide, and also the reactions involved in glucose oxidation, may be mediated through the flavoprotein oxidative systems which occur in Bacillus subtilis (Lightbown & Kogut, 1959) . The close correlation in B. subtilis between the ability to oxidize succinate and malate and the rate of uptake of streptomycin suggests that streptomycin uptake may be closely related to the rate of operation of either the electron transport systems for these substrates or of the terminal oxidation pathways, such as the tricarboxylic acid cycle, which depend on them.
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